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INTRODUCTION
Arterial hypertension is the leading risk factor for ischaemic cardiac and cerebral vascular disease in humans. Up to 17 .2% of all deaths are attributable to it. At the same time, arterial hypertension is also the first risk factor for which it was proven that treatment can reduce the cardiovascular morbidity and mortality of affected patients. 1 2 This applies not only to severe arterial hypertension 3 but also to grade 1 hypertension. 4 Lowering the diastolic blood pressure by only 5 mm Hg reduces the risk of a stroke by at least one-third, and the risk of coronary heart disease by one-fourth. 5 The reduction in mortality has been demonstrated for the use of various antihypertensive drugs. 6 After exhausting all non-drug measures, step-by-step treatment is given with core substances that are administered first alone, then in combinations of two and three agents. 7 8 Nevertheless, a group of about 5-15% of all patients remains, whose blood pressure cannot be sufficiently reduced in this manner. 9 According to
Strengths and limitations of this study ▪ The present study is an exact morphometric analysis of all renal arteries in a cohort of patients with computed tomographic angiographies of the abdomen in highest resolution, including the diameter at each point of the vessels, centreline distances and minimal and maximal passage distances. ▪ Distribution of variants in the study group indicating a representative sample. ▪ The numerical eccentricity of renal arteries was assessed for the first time, together with renal implantation angles at the aorta and angles of origin. ▪ Taking the anatomical situation into account, the theoretical possibility of denervation using standard renal denervation devices was assessed in a random series of humans for the first time. ▪ Retrospective study, no information on the actual presence of hypertension, no intention to treat.
American Heart Association guidelines, 9 various measures should be undertaken to treat this treatment-refractory hypertension, among them using aldosterone antagonists as a fourth mode of action. An alternative is the endovascular denervation of the renal arteries, a method based on experience with the results of surgical denervation in experimental hypertension. [10] [11] [12] [13] [14] In the HTN3 study, 15 the safety of the procedure was demonstrated but not the originally anticipated reduction of blood pressure, 16 possibly due to weaknesses in the design and various bias effects, 17 although a reduction in blood pressure was demonstrated in another study 18 -anatomical features could be causes that have not yet been sufficiently investigated for the weaker-than-predicted potency of the method. Variants of the renal arteries-16% in the Symplicity HTN2 study 19 -were significantly under-represented in comparison with an expected value of around 38.3% of the patients. 20 21 It must also be taken into consideration that renal artery variants themselves could be associated with arterial hypertension. 22 Data on lengths and diameters of the renal arteries in vivo, are rare in literature. 23 24 Diameters and lengths are dependent on gender 23 and on the presence of additional vessels. 25 The data do not reflect the curvature of the vessels in the area, the resulting ovality of the inner lumen, the wall lengths that vary between larger and smaller circumferences, or the fluctuation of the diameters along the course of the vessel. The aims of this study were, therefore, in view of the new techniques of renal denervation, to precisely determine the length, diameter, implantation angle and lumen ovality of renal arteries of humans in vivo, and the impact these features can have on renal denervation.
PATIENTS AND METHODS Ethical considerations
This study is a retrospective observational study that had no effect on the treatment of patients enrolled. It was therefore not necessary to obtain a vote of approval from the ethics committee for the study. The data were completely deidentified. All conditions of the latest version of the Declaration of Helsinki of the World Medical Association were met.
CT data sets
The study included CT data sets from 126 consecutive patients who underwent CT angiography of the abdomen. None of the patients had undergone renal denervation. There were 57 women and 69 men with a mean age of 60±17.2 years. The indications for the examination were for detection of hepatocellular carcinoma in patients with liver diseases (48 patients; 38.1%), assessment of abdominal vessels, for example, prior to live kidney donation or endovascular repair of an aneurysm (41 patients; 32.5%), suspected occlusion of the superior mesenteric artery (16 patients; 12.7%), pancreatic cancer (15 patients; 11.9%) and abdominal haemorrhage in six patients (4.8%). No additional patient-related parameters were recorded.
Inclusion and exclusion criteria
A precondition for the inclusion of the data sets was high-contrast imaging of the aorta of more than 300 Hounsfield units at the level of the renal artery origins in order to ensure reliable detection and excellent segmentability of the vessels. The kidneys and their arteries had to be imaged completely. Exclusion criteria were any movement artefacts in the images and images with collimation >0.625 mm. A total of 349 examinations were viewed that had been performed between December 2008 and August 2012. Of these, 38 examinations were not used because the kidneys and renal arteries were not completely imaged in an arterial phase; 11 because movement artefacts were present. In the remaining cases (n=174), the collimation was >0.625 mm, and/or the specified noise factor was not reached with the result that the radiation dose applied was not sufficient for unambiguous segmentation. pathologies by two board-certified radiologists in consensus (GB and JP or AG). The data were deidentified and transferred to an Excel sheet.
Centreline analyses
The starting points for the calculation of the centrelines through the renal arteries were placed in the vicinity of the aortic wall circumference opposite to the ostium to completely map the ostial funnel of the artery in the curved reconstructions. A second point was placed directly before the ostium of the renal artery, a third point in the ostial funnel, and further points at every centimetre along the course of the artery. The location of the last point was chosen to be in one of the two arterial divisions distal to the first bifurcation of the renal artery. The centreline and a straightened image in a curved reconstruction were then created automatically. Figure 1A shows the determination of the midpoint of the conic section of the ostial funnel of the left renal artery, defined by the intersection of the extension of the centreline through the renal artery on the aortic side with a line along the aortic wall (dashed line). After defining the end of the renal artery by a plane perpendicular to the centreline that does not cross the carina of the first bifurcation (figure 1B), the lengths of the centreline, the longest and the shortest transverse lines were measured. At the origin of the renal artery and every 2 mm along its course, the cross-sections and the minimum, mean and maximum diameters were determined automatically ( figure 1C ). Each segmented cross-sectional area was checked at greatly magnified slices perpendicular to the centreline ( figure 1D ).
The maximum curvature angles of the renal arteries were determined in three-dimensional reconstructions perpendicular to the respective curvature plane ( figure 1E ). The renal artery implantation angles 26 were determined in the plane defined by the centreline of the aorta and the renal artery ( figure 1F ). In order to simplify things, the cross-sections of the arteries were considered to be elliptical, so the numerical eccentricity, 1, could be calculated with 'a' as the semimajor axis and 'b' as the semiminor axis using the formula given below.
In addition, age and gender of the patient, length of the kidneys, number of arteries, insertion angle in the transverse plane, and pathologies, were taken from the image data sets. The extent of atherosclerosis of the renal arteries was determined based on Friesinger score. 27 The scores of the six-point scale that was originally intended for the assessment of the coronary arteries are: 0: no abnormalities; 1: wall irregularities or trivial luminal narrowing of <29%; 2: localised luminal narrowing of 30-68%; 3: diffuse, multiple lesions and at least two sites of luminal narrowing of 30-68%; 4: at least one luminal narrowing of 69-100% without 100% occlusion; 5: complete obstruction without distal contrasting. 27 
Statistical analysis
Descriptive statistics were generated using Excel (Office 2007, Microsoft, Seattle, Washington, USA). The graphical presentations were made with Prism 5 (GraphPad Software Inc, La Jolla, California, USA). Comparisons between categorical variables were made using Fisher's exact test, comparisons between two groups with the nonparametric Mann-Whitney U test, and between three and more groups using the Kruskal-Wallis test, or one-way analysis of variance, as appropriate. The correlation between the extent of atherosclerosis of the renal arteries and their diameters was examined using Spearman's rank correlation coefficient. Factors influencing the diameters and lengths of the first right and left renal arteries were determined by linear regression models adjusted to the two target parameters initially including all variables, and then based on this model finally adjusted using forward stepwise selection. For this purpose, the SPSS programme (SPSS V.20, IBM, Armonk, New York, USA) was used. A p<0.05 was considered significant.
RESULTS

Descriptive statistics
The 126 patients had 124 right and 125 left kidneys with a total of 300 arteries. These were 124 first right and 125 first left arteries, 24s right and 24s left arteries, two-third right and one-third left artery. Table 1 shows the combinations of the variants in the patients. One patient had bilateral and another had unilateral fibromuscular dysplasia, and one patient had an atherosclerotic ostial renal artery stenosis on the right side. One hundred and sixty-three patients (54.3%) had a Friesinger score of 0; 93 (31.0%) of 1; 35 (11.7%) of 2; 8 (2.7%) of 3; 1 (0.3%) of 4, and 0 patients of 5.
Dimensions of the arteries
The data were distributed normally. The first left renal artery was statistically significantly shorter than the first right renal artery, but the diameters were somewhat larger. The second left renal arteries were shorter and thinner than the second right arteries (table 2). The first left renal arteries were 1.1±0.4 mm (CI 0.9 to 1.3) and the first right arteries 0.3±0.6 mm (CI 0.1 to 0.5) thinner in women than in men. The second left renal arteries were 0.7±0.6 mm (CI 0.4 to 0.9), and the second right arteries were 0.7±0.4 mm (CI 0.5 to 0.8) thinner in women than in men. The implantation angles were usually directed caudally and were slightly steeper on the right than the left for first and second renal arteries. The second renal arteries arose a little further anterior compared with first arteries (table 1). On the right side, their course was mainly preaortic. The almost always present curvatures were mostly directed cranially, while second or third curvatures were much less common.
The numerical eccentricity of all renal arteries indicated an elliptical cross-section, which was more pronounced on the right side (table 2).
Diameter profiles of the renal arteries
The first renal arteries on both sides had wider and longer ostial funnels than the second arteries. These funnels were most pronounced on the left side, where they were up to 14 mm long. The main arteries widened somewhat, at about 3-4 cm distal to the ostium after a segment with a relatively constant diameter distal to the funnel. The second renal arteries were thinner, had shorter ostial funnels, and no distal widening ( figure  2A-D) . Visualisation of the length and diameter of the renal arteries Figure 3A -D shows, for each measured distance from the ostia, the number of vessels that had a diameter of more than 4 mm at this point and had not yet branched. The diameters of 33.1% of the first right renal arteries, and 28% of the first left renal arteries fell to <4 mm within the first 2 cm distal to the origin, while only 6.5% of the right and 10% of the left arteries did not reach a length of 2 cm. All second right and left arteries reached a length of >2 cm; 41.6% of the right, but only 12% of the left vessels had a diameter >4 mm. Two centimetre distal to the origin, 36 arteries (12.8%) were even thinner than 3 mm, 7 arteries (2.5%) thinner than 2 mm, and 1 artery (0.4%) thinner than 1.5 mm.
Influencing factors on the length and diameter of the renal arteries The strongest positive influencing factor on the diameter of the first right renal arteries was the length of the right kidney (β=0.440; p<0.0001), before the diameter of the left main artery (β=0.343; p<0.0001), and multiplicity of the right renal arteries (β=−0.216; p=0.019).
The length of the left kidney had the greatest effect on the diameter of the first left renal artery (β=0.448; p<0.0001), before age (β=−0.241; p=0.008). The length of the right renal arteries increased with age (β=0.246; p=0.010) and with anterior position of their origins (β=0.257; p=0.016). The length of the left renal arteries increased with anterior position of their origins (β=0.213; p=0.025). The Friesinger score, and thus, the extent of atherosclerosis of the renal arteries had no effect on the diameters of the vessels (Spearman ρ=−0.102, p>0.05).
Presentation of obstacles to denervation in the population studied According to the exclusion criteria of the Symplicity studies, 19 46% of the patients would not be eligible for denervation (table 3) . If multiple renal arteries and diseases of the renal arteries are taken into consideration, this figure amounts to 58.7%.
DISCUSSION
This study was the first to present exact morphometric data on the renal arteries in a sample of 126 persons in vivo. Although previous data from literature did not take the curves of the vessels into account, the measurements of the lengths of the renal arteries were confirmed, but the inner diameters of the vessels were up to 1 mm less than has been assumed until now. The lengths were equal in men and women, but the inner diameter of the first right and left renal artery was statistically highly significantly smaller in women than in men. The cross-sections of the renal arteries were usually slightly ellipsoid, more pronounced on the right than on the left side. However, some of the vessels converged to a paraboloid cross-section. The implantation angles of the right renal arteries were somewhat more acute with respect to the longitudinal axis of the aorta than those of the left arteries. Some 46% of persons did not fulfil the anatomical requirements for renal denervation set in the Symplicity studies. When multiple renal arteries and diseases of the renal arteries were taken into consideration, this figure was 58.7%.
In comparison with the present data and literature, 20 22 patients with renal artery variants are under-represented in studies on renal denervation. For example, in a study on the 'anatomic distribution of periarterial sympathetic nerves in 20 cadavers, only 40 renal arteries were found. 28 In the Symplicity HTN2 trial, 19 30 of 190 eligible patients (16%) were excluded for one of three anatomical reasons, namely, length of the renal arteries <2 cm, diameter <4 mm or the presence of 'more than one main renal artery'. In the ENCOReD study, patients with multiple renal arteries were accepted, 29 but the exclusion rate of 17% was very similar to that of the HTN2 trial. 19 There are several possible interpretations for these discrepancies. In the Symplicity HTN2 study, 'renal artery anatomical screening with renal duplex' Continued sonography was also allowed as a method to check the inclusion or exclusion criteria. 19 However, additional renal arteries were generally not adequately examined or even identified 30 by sonography if their existence was even taken into consideration, which is not the case in most studies; 31 moreover, its accuracy varies greatly because it is 'notoriously operator-dependent'. 31 This may be a reason for the remarkably low incidence of additional renal arteries in the studies on renal denervation.
In most of the studies, preinterventional evaluation of the anatomy of the renal arteries using MRI or CT was mandatory. 29 However, even using these methods, the detectability of additional renal arteries depends on technical parameters such as the dose of radiation or contrast agent, the correct timing of imaging in relation to the administration of contrast, the resolution selected, etc. If the contrast is insufficient, or artefacts are present, some additional renal arteries may not be detected or visualised for technical reasons.
Therefore, if the large first artery was considered to be technically feasible to treat, it thus might have been treated. This 'softening' of the inclusion criteria 29 that was later consciously accepted could be an explanation for the lack of effect of renal denervation in some patients. Accordingly, it was shown in a first clinical trial that patients with a single renal artery benefit more from renal denervation than those with multiple renal arteries. 32 This observation supports the hypothesis that every renal artery in humans is accompanied by afferent and efferent nerves, however, no evidence of this has yet been found in humans.
The few investigations of the distribution of the sympathetic nervous system with respect to the renal arteries in humans show that a large portion of the fibres run at a distance of only a few millimetres from the lumen of the arteries, 28 33 only very few at a distance of >10 mm. According to Atherton et al, 33 more than 90% of the fibres are found no further than 2 mm from the lumen. There are markedly more nerves located anterior, superior or inferior to the arteries than posterior to them, and the number decreases in the distal direction. 28 It is known for various mammals that afferent fibres can be located in the posterior tracts between T10 and L4, 34 35 and efferent fibres between T12 and L3. 34 36 This is the area in humans where most of the additional renal arteries are found, 37 so regardless of the level of origin of the arteries, the same number of nerves should be expected.
In this sample, 35.7% of the patients had more than one renal artery on the right or left side, a figure that is within the range of frequencies from other studies. 25 In 18.6% of the patients, a 'main artery' was no more than 2 cm long, and in 34.1% of the patients, the diameter was <4 mm at a location <2 cm from the ostium, so that after exact measurement, taking the three patients with fibromuscular dysplasia into account, 58.7% of the patients in this study would not be eligible for 29 This figure is more than twice the magnitude indicated in the renal denervation studies. Women in particular are at a significant disadvantage compared with men regarding the use of the method because of up to 1 mm smaller diameter of the renal arteries. It should be considered that, due to the anatomical obstacles, the technical success of denervation is frequently not as optimal as was previously assumed, especially in women.
Furthermore, other causes for the failure of treatment in renal denervation trials have already been identified and substantiated, 38 especially regarding the Symplicity HTN3 trial. 39 These were the limited previous experiences with the techniques of renal denervation on the part of some of the cardiologists involved, the learning curve that some of these physicians had to overcome during the trial, and the fact that around one-third of all operators had contributed only a single examination. The failure to apply a confirmatory test for renal denervation hindered all the examinations, and it was ultimately found that the denervations were incomplete and were not homogeneous among the patients. It is therefore probable that the extent of denervations in the studies was typically suboptimal. 38 These observations are very consistent with the hypothesis expressed based on this trial that the renal denervation results could have been incomplete because of the anatomical situation.
The exclusion criteria for renal denervation, namely a renal artery diameter <4 mm and a length <2 cm, had initially been selected entirely arbitrarily. There had been no prior or experimental studies in this respect. The rationale for this action was, on the one hand, that due to the large diameter, the inflow of blood should ensure sufficient cooling, and on the other hand that due to the length of the vessels, it would be possible to perform ablation on at least five individual sites at 5 mm intervals in a spiral arrangement to prevent the feared complication of renal artery stenosis or aneurysm, and to minimise the damage to the artery. Five radio frequency (RF) doses were considered sufficient to achieve circumferential denervation. The development of stenosis proved to be very rare, while aneurysms have never been observed. The safety measures mentioned may therefore have been overstated.
Failure to meet the criteria, namely ablation of thinner or shorter vessels, is of course not necessarily the cause of the complete failure of treatment. However, for many reasons, a lower probability or lesser extent of success must be anticipated. The smaller the diameter of a renal artery is, the greater the probability that a second renal artery will be found. 25 Some 12.8% of renal arteries have a diameter of<3 mm, 2.5% <2 mm and 0.4% <1.5 mm, which makes ablation considerably more difficult or impossible, even with the latest devices. In cases such as this, a percutaneous, not transarterial approach, could be a possible option that is currently being tested in various studies. The lumens of renal arteries are very rarely round. The simplified crosssection of the vessel usually corresponds to a circle-like ellipse. In a couple of patients, however, ε was over 0.7, thus approaching a paraboloid shape. In practice, this means that a two-dimensional curved catheter may have two preferred positions in these vessels, aligned on the semimajor axis. The curvature angle that the catheter must assume on its way from the aorta to the ostium of the renal artery is likely to be relevant. The more this angle deviates from the preshaped curvature of a catheter, the greater the tension in the catheter, and the more likely there will be stable directions of rotation for the catheter that lead to partial relaxation, and unstable directions of rotation that can be maintained by the operator only by active application of torque. The forces described could prevent the circumferential coverage of the cross-section for denervation on the one hand, but also change the shape and curvature of the arteries by pressure and shear forces, and ultimately have a traumatic effect. The disadvantage of using guide catheters to remedy this is that they cover the ostium, which shortens the segment that can be denervated. The steep implantation angles in caudal direction on both sides suggest that approaches via the upper limbs may be favourable.
In general, the data with respect to the length of the renal arteries are consistent with those from the literature. 24 However, the diameters of the first right and left renal arteries measured in this study, with 4.9±1.2 and 5.2±1.4 mm, respectively, are approximately 1 mm lower than those in the literature, where the not gendercorrected values are between 5.71±0.83 and 6.9 ±0.2 mm. 24 The influencing factors on the diameters of the renal arteries that were defined are plausible-the lack of effect of the extent of atherosclerosis on the diameters of the renal arteries can likely be attributed to the fact that most renal arteries have scores of 0 and 1, that is, nil to slight atherosclerotic changes.
The strengths of this study are that the largest and smallest diameters of renal arteries were semiautomatically measured in vivo, along the entire length exactly perpendicular to the lumen for the first time with the resolution that can be achieved using a modern CT scanner. The data can therefore be considered to be very exact. Based on these data, the originally required anatomical criteria for renal denervation can be thoroughly reviewed. They are fulfilled much less frequently than has been reported in literature up to now. However, this problem will probably be reduced or even eliminated in the future by more suitable devices that will make it possible to denervate renal arteries even with a diameter <4 mm, or a length <20 mm. Initial promising developments are already on the market [40] [41] [42] or in the testing phase. 43 In particular, due to the development of new devices for renal ablation, it can be assumed that the significance of anatomical variations as a complicating factor for renal denervation is already less than was anticipated based on the initial conditions, and will likely be reduced even more in the future. However, in order to discover what effect anatomical situations actually have on renal denervation, additional prospective observational studies will be necessary that take not only the number of renal arteries-as in the study by Verloop et al
32
-but also their origins, diameter, length and branching pattern into consideration. It may be assumed that the length of an artery is of less concern, and that ablation in the distal segment of a renal artery and the immediately following segments of the divisions of the renal arteries could be most effective because of the anatomical relationship of the nerves to the vessels 38 -percutaneous approaches appear to be even more promising because the relation of the ablation area can be selected freely with respect to the position of the renal artery. An essential component of future studies must be the exact prior definition of the anatomical situation, which can be achieved only with high-quality, contrast-supported MRI-or better yet-CT angiographies, because the latter are less prone to artefacts.
There are also limitations to this study that should be mentioned. The small deviation of the frequency of multiple renal arteries (35.7%) in comparison with the literature, can most likely be attributed to a bias due to the relatively small size of the sample. If we assume that average frequency of multiple renal arteries is 38.3%, 20 21 the result is that even fewer than the 58.7% of patients reported here fail to fulfil the anatomical conditions. The percentage of patients in the group with arterial hypertension is unknown, and none of the patients included was actually denervated. However, there is nothing to suggest that the frequency of hypertension does not represent the incidence of the disease in the general population; on the other hand, no difference in the anatomical lumen sizes of arteries depending on blood pressure is known up to now, so data on blood pressure levels can be considered to be irrelevant. The risk factor, arterial hypertension, results in remodelling that reduces vascular lumen, 44 so it can be assumed that arterial hypertension itself will be a factor that further limits the option of denervation.
In summary, this study shows that the renal arteries in humans have a wide funnel-shaped origin that is somewhat longer on the left side at up to 14 mm than on the right side. The main arteries are longer on the right side than on the left, have a somewhat smaller calibre on the right side, but are generally about 1 mm narrower than previously assumed. Most renal arteries have an ellipsoid cross-section. The implantation angles to the longitudinal axis of the aorta are somewhat more acute in caudal direction on the right than on the left. At 57.8%, slightly more than half the patients did not fulfil the formal anatomical criteria for renal denervation.
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